Here, we report the measurement of an eABR (electrically evoked auditory brainstem response) by using a custom-developed BAM (bionic auditory membrane) for a novel artificial cochlear system. The BAM is an acoustic sensor designed as a trapezoidal and flexible membrane made of a piezoelectric material to convert acoustic waves to electrical signals with frequency selectivity. The signal from the BAM was used as an electrical source to stimulate the auditory nerves in a cochlea. The stimulating characteristics were investigated by measuring the eABR in guinea pigs. The results showed that the developed system could realize the perception of peak sound pressure levels and frequency of the acoustic wave. Consequently, we accumulated fundamental knowledge for developing a fully implantable artificial cochlea based on the BAM.
Introduction
Cochlear implants are medical devices that have recently been used to treat sensorineural hearing loss. Current and conventional systems consist of an implant as well as an extracorporeal device [1, 2] in which acoustic waves are detected by a microphone and analyzed based on frequency by a digital processor. The analyzed information is transferred to the implant as electrical signals, and electrical stimulation is provided to the auditory nerves through multi-channel electrodes inserted in the cochlea of the inner ear. By taking advantage of the intrinsic tonotopic relationship between the frequency and the location of auditory nerves, the frequency of the acoustic wave is decoded as the site of cochlear stimulation to yield the appropriate frequency information for auditory nerve stimulation. Although conventional cochlear implants can realize the fundamental perception of sounds, they still have disadvantages in terms of their relatively high energy consumption, limited tone levels because of the small number of electrodes, and indispensability of extracorporeal devices.
Recent progress in microfabrication technology has expanded the application of biomedical devices [3] [4] [5] . Several microdevices that mimic the mechanical cochlear system have been proposed to implement a cochlea-like frequency analyzer [6] [7] [8] [9] [10] [11] [12] . In these [ devices, the frequency analyses are achieved by a ], and membrane with beams [6, 9, 10] , which flex previous study, we proposed a BAM (bionic auditor el artificial cochlear system [7] . The BAM-a flex of a piezoelectric material known as PVDF ned to mimic the frequency selectivity mechanism gical cochlea and realize acoustic-electric convers ete and thin-film electrodes are fabricated on the s ng technologies. Thus, the BAM can convert acou ing the piezoelectric effect. In addition, the long a M contributes to the frequency analysis by chan ency (CF) of vibration along the longitudinal dire tic wave, a local area of the BAM where the CF tic wave predominantly vibrates, resulting in relati arge mechanical deformations in this area. Consequ e electrode site that gives large electrical signals.
Very recently, we reported preliminary animal te ndamental principles of using the BAM as the sensor s study, we report a system consisting of the BA matic animal tests based on the eABR (electrica nse) [14] and present a detailed discussion on the deco ency. In the system, we use the electrical signals obt ectrical stimuli to the auditory nerves in a cochlea. Th investigated by the eABR. Consequently, brainst ved by using the developed system. Furthermore, we d pressure levels and frequencies of acoustic waves by ical stimulus.
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2 (a) Applied voltage for generation of pulsed sine w 10, and 15 kHz. (b) Fourier spectra for pu Vol. 8, No. 3, 2013 membrane [7, 12] , beam array xibly vibrate by applying sound. ry membrane) as the sensor for xible and trapezoidal membrane (polyvinylidenedifluoride)-is m of the basilar membrane in a sion without supplying energy. surface by UV-lithography and ustic waves to electrical signals and trapezoidal geometry of the nging the local characteristic ection. That is, by applying an F matches the frequency of the vely large vibration amplitudes uently, the frequency is decoded ests in guinea pigs and discussed for a novel artificial cochlea [13] . AM and an electrical circuit for ally evoked auditory brainstem oding of sound pressure level and tained from the BAM as sources he stimulating characteristics are tem responses are successfully e find that the BAM can decode y changing the magnitude of the for an artificial cochlea (Unit:
waves at base frequencies of 5, ulsed sine waves. [7] . Thinn electrical signals at each CF. The number of the elec ectrodes named Ch. 1-Ch. 24 along x. The position o h is from the basal turn, and subsequent electrod r-to-center spacing of Δx = 1.1 mm.
The basic performance characteristics of the urement of the electrical signals by using the puls tor located at (x, y) = (-1.8 mm, 0 mm) is used to app . This method allows us to simulate wave propagation n the basilar membrane in a biological cochlea. The m olled by changing the amplitude of the applied voltag e pSPL (peak sound pressure level). The value of p d pressure, represents the magnitude of the pure tone s und pressure. The relation between the pSPL and the a ated by a calibration curve that is obtained in our pr n pSPL. Graduate School of Medicine, Kyoto University, Japan. In all procedures, the animals were anesthetized with an intramuscular injection of midazolam (10 mg/kg) and xylazine (0.01 mg/kg). Figure 3 shows the electrical circuit and signal processing of a prototype artificial cochlea based on the BAM for eABR measurements. The circuit consists of an amplifier and a CMOS switch, as shown in Fig. 3 (a) . The electrical signals from the BAM are used as a source for the electrical stimuli. To effectively stimulate the nerve cells, the electrical signal is amplified O(100)-fold. Although the voltage is applied only for 0.2 ms to drive the actuator (Fig. 3 (b) ), the BAM generates an electrical echo signal longer than 0.2 ms (Fig. 3  (c) ). The echo signal is due to reverberation. However, the electrical stimulus should be shorter than 0.5 ms for superior S/N (signal-to-noise) ratios in eABR measurements. Therefore, the CMOS switch is installed between the amplifier and the guinea pig to modify the electrical stimuli in a manner suitable for measurement. The switch is normally off and is turned on for the predetermined duration to extract a biphasic stimulus ( Fig. 3 (d) ) from the original signal ( Fig. 3 (c) ). The duration of the on state is controlled by the TTL (transistor-transistor logic) trigger applied to the switch.
The guinea pigs for the experiment were deafened in advance by irreversibly damaging the hair cells with an intramuscular application of kanamycin (800 mg/kg) followed 2 h later by an intravenous injection of ethacrynic acid (80 mg/kg). Deafness was confirmed by standard measurements of the auditory brainstem response (ABR) to a sound. A pair of electrodes made of platinum indium wires was used to electrically stimulate the auditory nerves. One of the electrodes was inserted into the scala tympani of the cochlea near the basal turn, and the other was placed on the bony wall of the cochlea near the basal turn. Dental cement was used to close a bone defect created for electrode insertion. The impedance between two electrodes was measured to be O(10) kΩ, which varies in different guinea pigs. Brainstem responses to the electrical stimulus were measured by using electrodes attached to the head of the guinea pig. As described above, a single-channel electrode was used for eABR measurement, instead of the multi-channel electrode necessary for realizing frequency selectivity in conventional cochlear implants. One of the 24 channels of the BAM was chosen to be connected to the single-channel electrode for stimulation. The effect of frequency selectivity of the BAM is evaluated by variations in the magnitude of the responses when connecting different channels.
Results and Discussion

Electrical Signals from Bionic Auditory Membrane
Figure 4 (a) shows the electrical signals obtained from Ch. 2, 10, 18, 20, 22, and 24 by applying a pulsed acoustic wave with a base frequency of 5 kHz. The acoustic wave is applied to the BAM for 0.2 ms from t = 0 ms by using the actuator. The rise in the signal is delayed by ~0.03 ms owing to wave propagation from the actuation site to the BAM. Each electrode gives different electrical signals, which can roughly be classified into two trends: those for Ch. 2-18 and those for Ch. 20-24. In Ch. 2-18, the electrical signals rise for 0.2 ms and decay immediately. This indicates that the local sites for Ch. 2-18 vibrate only when they are forced to do so. In contrast, in Ch. 20-24, the electrical signals continue to be generated for a while longer than 0.2 ms. This indicates that the local sites of Ch. 20-24 continue vibrating owing to reverberation. This difference in trend is due to the relation between the local CF and the acoustic wave spectra. To clarify the detailed mechanism, the electrical signals were subjected to Fourier analysis. The spectra corresponding to the electrical signals in Fig. 4 (a) are obtained as Fig. 4 (b) . The spectra for Ch. 20-24 have clear peaks at each frequency, whereas those for Ch. 2-18 do not. Reasonable results are successfully obtained because the observed frequency decreases from 7.11 to 6.21 kHz as the channel number increases from 20 to 24. Compared with our previous results [7] , the frequency is found to correspond to the local CF of the BAM. The absence of a clear peak in Ch. 2-18 of Fig. 4 (b) can be explained by considering the original spectra of the applied acoustic wave. The magnitude of the applied acoustic wave at a base frequency of 5 kHz is relatively large over the frequency range of 2-8 kHz, as shown in Fig. 2 (b) . Thus, Ch. 20-24, whose CFs are within the range described above, generate relatively large signals. In contrast, the applied acoustic wave has small magnitudes outside of the abovementioned frequency range. Thus, Ch. 2-18, which have a higher CF than 8 kHz, generate small and short signals for the pulsed sine wave at 5 kHz.
The electrical signals measured by applying acoustic waves with a base frequency of 15 kHz are shown in Fig. 5 (a) . Note that the wave in the period indicated as the actuation has about 2.5 cycles though the applied acoustic wave is 3 cycles. This is due to the delay of the wave to propagate from the actuation point to the measurement point. In contrast to Fig. 4 (a) , continuous electrical signals are generated from Ch. 2-10. This is because the applied acoustic wave includes relatively large-magnitude signals in the range of 12-18 kHz (Fig. 2 (b) ) and the CF values of Ch. 2-10 are in the abovementioned frequency range. Figure 5 (b) shows the Fourier spectra obtained from the signals in Fig. 5 (a). As can be expected, clear peaks are observed in Ch. 2-10. However, the spectra for Ch. 18-24 also show non-trivial peaks. This indicates a disadvantage of the passive BAM in frequency selectivity, which may be improved by introducing an active feedback that mimics the function of outer hair cells. From these results, the basic characteristics of acoustic-electric conversion and frequency selectivity are clarified by applying pulsed acoustic waves. , and (c) show typical eABR data obtained at various pSPLs of 96.6, 98.6, and 102 dB, respectively. Note that the BAM generates larger electrical stimuli at higher pSPLs, as the corresponding peak-to-peak amplitudes are 2.58, 3.02, and 4.39 V, respectively. These data are obtained using Ch. 10 at a base frequency of 10 kHz. τ is defined as the time elapsed from the start of electrical stimulation applied to a guinea pig.
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The signals during τ = 0-0.5 ms correspond to the electrical stimuli from the BAM. At 96.6 dB, observing the response in the data is difficult, as shown in Fig. 6 (a) . However, at pSPLs higher than 98.6 dB, the response is successfully and clearly observed, as shown in
Figs. 6 (b) and (c) where the responses are indicated by arrows. The waves observed after τ = 1.0 ms and denoted by arrows in Fig. 6 (c) may correspond to the responses from different levels of the auditory nervous system such as the cochlear nucleus, superior olivary complex, lateral lemniscus, and inferior colliculi, respectively. From the above results, the developed system is shown to be capable of providing fundamental sound perception. The relationship between the pSPL and the magnitude of the response is examined in Fig. 6 (d) , where the magnitude is evaluated by the amplitude A of the first wave after the electrical stimulus. As shown in Fig. 6 (d) , A increases with pSPL, increasing rapidly from 97 dB and apparently saturating at the pSPLs higher than 101 dB. There is a threshold at around 97-99 dB for effective stimulation. These characteristics have qualitative similarities with the relationship between the discharge rate of auditory nerve fibres and pSPL in the normal auditory system [15] . Thus, the BAM can be said to decode the pSPL into activity of the nervous system by changing the magnitude of the electrical stimuli.
To evaluate the effect of frequency selectivity of the BAM on the stimulating characteristics, eABR measurements were carried out by connecting various channels at the same pSPL of 101 dB and a base frequency of 10 kHz (Fig. 7) . From Fig. 7 , the response magnitudes are found to change in the data with different channels. This result is due to the frequency selectivity of the BAM, where the channel near the locally resonating site (i.e., Ch. 9 and Ch.10 in this case) generates relatively large electrical stimuli compared to the other channels. Therefore, larger responses are observed with Ch. 9 and Ch.10. Thus, as a first step, the applicability of frequency selectivity is successfully demonstrated in this animal study. The value of A in Fig.6 is relatively larger than that in Fig. 7 under the same pSPL condition. We consider this difference in A is due to using different guinea pigs for Fig.6 and Fig.7 . Although we find the variation in the magnitude of A among different guinea pigs (n = 3), we obtain the qualitatively similar result.
To develop a practical artificial cochlear system, the applicability must be evaluated by using a multi-channel electrode under conditions of simultaneous stimulation. This is because the frequency information is interpreted as the site of cochlear stimulation. However, the animal tests here were carried out using a single-channel electrode and the results were evaluated by the channel dependence of the response magnitude. Thus, further studies must be carried out in the future by using a multi-channel electrode to investigate whether the electrical stimulus is localized to the intended site. The problem of crosstalk between adjacent electrodes will likely be encountered in such studies. A switch circuit was introduced in this study to improve the S/N ratio for eABR measurement. However, this circuit is unnecessary for the actual artificial cochlear system. Furthermore, the auditory nerve fibres in a healthy cochlea are known to show activities such as reverberation in response to pulsed sounds [16] . This phenomenon, which is not implemented in conventional systems, can be artificially reproduced by the BAM, as shown in Figs. 4 (a) and 5 (a). This may realize more natural hearing. The results obtained here are fundamental for the development of fully implantable artificial cochlea based on the BAM. Some remaining challenges include miniaturization of the device for implantation, amplification of electrical stimuli, optimization of electrode design [17] , active feedback control for better frequency selectivity, mechanical tissue damage [18] during implantation, and investigations of long-term biocompatibility [19] . Among these challenges, amplification of electrical stimuli is the most essential to realize the fully implantable system. We believe integration of energy harvesting device based on microelectromechanical systems [20, 21] is one of the promising technologies to tackle this challenge. We also believe the BAM made of piezoelectric material has an advantage to develop an active feedback controlling system because it can work as a sensor and an actuator using inverse piezoelectric effect at the same time. Here, we successfully highlight the potential of the novel artificial cochlea system based on the developed BAM in animal tests. 
Concluding Remarks
Here, we investigated the acoustic-electric conversion and frequency selectivity of the BAM by using pulsed acoustic waves to evaluate the basic applicability of the BAM to a novel artificial cochlea. Electrical signals due to the reverberation of BAM vibration were obtained from different channels and subjected to Fourier analysis to elucidate the frequency characteristics. In addition, we constructed an electrical circuit for eABR measurement that uses the signal from the BAM as the source of electrical stimulation. The measurements were conducted by electrically stimulating the auditory nerves of guinea pigs through electrodes implanted in the cochlea. Various conditions of pSPL and frequencies were used to elucidate how they influence the amplitude of the eABR signal. The sigmoidal change of the eABR signal with increasing pSPL indicated recognition of the pSPL. In addition, the relatively large stimulation-evoked response from the channel on the resonating site suggested the applicability of frequency selectivity of the BAM. The results obtained here are still at an elementary stage for the development of a novel artificial cochlea. However, we believe that they demonstrate the potential of the BAM for future development.
